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We	 also	 show	 that	 a	 fragment	 of	 a	 gene	 which	 can	 influence	 embryonic	 growth	



























current	 reproductive	 benefits	 against	 survival,	 future	 reproduction,	
and	growth	 (Stearns,	1992).	Males	do	not	 face	 the	same	trade-	offs,	
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as	they	do	not	pay	the	costs	but	would	enjoy	greater	benefits	 if	the	
females	 they	mate	with	 increase	 their	 investment	 and	produce	big-




















This	was	 first	 observed	 in	deer	mice.	When	 females	of	 the	mo-
nogamous	 Peromyscus polionotus	 mate	with	males	 of	 polygynous	 P. 
maniculatus,	the	size	of	the	hybrids	at	birth	is	much	larger	than	that	of	
mice	born	to	intraspecific	matings,	and	they	have	5–6	times	heavier	
placentas	 than	 those	 of	 embryos	 from	 the	 reciprocal	 cross	 (Rogers	
&	Dawson,	1970).	 Subsequent	 examples	have	been	 found	 in	plants	
(reviewed	by	Alleman	&	Doctor,	2000),	where	several	studies	provide	




in	 fish,	where	 Schrader	 and	Travis	 (2008)	 found	 that	 the	 disruption	

















cation-	independent	 mannose-	6-	phosphate	 receptor,	 a	 membrane	
protein	encoded	by	the	gene	igf2r	(Kornfeld	&	Mellman,	1989),	which	









these	genes	occurs	 in	Therian	mammals,	 but	not	 in	monotremes	or	
birds	(O’Neill	et	al.,	2000;	Killian	et	al.,	2001b).
The igf2	gene	has	been	found	in	several	fish	species—including	the	












Mexican	 Goodeidae	 (Goodeinae,	 Lombardi	 &	 Wourms,	 1985a,b).	
This	is	a	clade	of	ca.	40	species	distributed	in	17	or	18	genera	(Webb	
et	al.,	2004),	a	ratio	of	genera	to	species	that	suggests	rapid	specia-
tion.	This	might	 be	 driven	by	 the	 evolution	 of	viviparity	 or	 possibly	
by	 the	 high	 prevalence	 of	 sexual	 selection,	which	 is	 itself	 linked	 to	
the	extreme	sexual	asymmetry	in	parental	care	that	viviparity	entails	
(Macías	Garcia,	2014).	Asymmetry	 in	parental	 investment	 is	particu-
larly	large	in	the	Goodeinae,	in	which	females	nourish	their	embryos	














Pánuco	 catchments	 (Gesundheit	 &	 Macias-	Garcia,	 2005).	 Males	
have	 much	 larger	 and	 colorful	 median	 fins	 than	 the	 females,	 who	
base	 their	 mate	 choice	 on	 these	 ornaments	 and	 on	 courtship	 per-
formance	(González	Zuarth	&	Macías	Garcia,	2006).	There	has	been	
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rapid	population	divergence	(Macías	Garcia	et	al.,	2012;	Ritchie	et	al.,	
2007)	and	female	mate	choice	often—but	not	always—leads	 to	pre-


















Fish	 were	 collected	 under	 SAGARPA	 permit	 DGOPA/01262/ 











tanks	 (n	=	30	 females,	 38%	of	 the	 final	 sample).	The	 distribution	 of	








Female	body	 length	 (standard	 length)	 and	width	were	measured	
from	digital	photographs	 taken	 the	 following	day,	once	all	 offspring	
had	been	delivered,	using	UTHSCSA	Image	Tool	freeware.	Individual	
offspring	were	measured	in	the	same	way	as	their	mothers,	but	their	



















2.3 | Parent- of- origin igf2 expression
A	≈5-	kb	 fragment	 of	 igf2	was	 cloned	 and	 sequenced	using	 primers	
adapted	 from	 the	 published	 sequence	 of	 Ilyodon ameca	 (GenBank	
Accession	number	DQ337453.1)	(see	Appendix	S1	for	details	on	igf2 
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Tonatiahua	(in	the	Zempoala	lakes	National	Park),	as	females	from	San	
Matías	were	 temporarily	unavailable.	Fish	within	an	 interpopulation	
pair	were	 raised	together	 to	overcome	preferences	 for	 intrapopula-






The igf2	 gene	 of	 teleosts	 is	 typically	 composed	 of	 four	 exons	 and	
three	 introns	 (Juhua	et	al.,	2010).	We	screened	for	SNPs	from	exon	











cells	 (TOP10	 Electrocomp).	 Plasmid	 DNA	 was	 extracted	 following	
alkaline	 lysis	 protocol	 by	 Sambrook,	 Fritsch,	 and	Maniatis	 (1989).	A	





2.3.2 | Assessing gene expression through RT- PCR
Total	 mRNA	 of	 heterozygous	 offspring	 was	 isolated	 using	 TRIzol	
(Invitrogen)	 and	 was	 then	 reverse	 transcribed	 using	 SuperScript	 II	
Reverse	Transcriptase	and	oligodT	primers,	according	to	the	manufac-
turer’s	protocol	 (Invitrogen).	The	cDNA	was	employed	as	a	template	
for	 PCR	 amplification	 using	 specific	 primers.	To	 distinguish	 the	 size	
of	 the	 amplified	 cDNA	product	 from	genomic	 fragments	 that	 could	
be	 amplified	 after	 inefficient	DNAse	digestion,	 forward	 and	 reverse	
primers	 were	 anchored	 in	 exons	 1	 and	 2,	 respectively.	We	 cloned	








cytosine	 residues	 to	uracil	 (translated	 into	 thymine	during	 sequenc-
ing).	To	determine	whether	the	asymmetric	effects	on	offspring	size	













was	 PCR	 amplified	 using	 primers	 forward:	 Forward1	 and	 Forward2	
and	reverse:	Reverse1	and	Reverse2	(designed	as	above;	see	Appendix	







F1	 females	 from	 Z	 were	 smaller	 than	 from	 M	 (t = 4.57,	 df =	70,	
p < .0001;	 Table	1)	 but	 gave	 birth	 to	 larger	 broods	 than	M	 females	
(Bonferroni	F(1,66.0) =	6.30,	p = .01;	 Table	1).	 Furthermore,	 Z	 females	
did	not	produce	smaller	offspring	than	M	females	when	mated	with	
males	of	their	own	population	(Z-	Z	vs.	M-	M;	Bonferroni	F(1,67.1) =	0.93,	
F IGURE  2 Scheme	of	igf2	of	G. multiradiatus.	Blue	boxes	represent	exons,	continuous	lines	introns,	and	the	red	arrow	shows	the	approximate	
location	of	the	selected	SNP.	Green	arrowheads	represent	the	binding	site	of	the	primers	used	for	genotyping,	and	purple	arrowheads	show	the	
binding	site	of	the	primers	used	for	RT-	PCRs.
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p = 1.0;	 Figure	3a),	 and	when	mated	with	M	males,	 they	 gave	 birth	
to	larger	offspring	than	to	those	produced	by	Z	females	mated	with	
Z	males	 (Bonferroni	F(1,63.0) =	9.83,	p = .02).	Also,	we	detected	a	sig-
nificant	interaction	between	male	and	female	population	of	origin	on	
offspring	size	(F(1,64.4)	=	7.45,	p = .008)	as	well	as	a	significant	effect	of	
the	cross	 (F(3,64.6)	=	3.7,	p = .02).	We	observed	a	similar	pattern	with	
offspring	width,	with	no	effect	of	 female	population	 (F(1,65.2)	=	0.94,	
p	=	.34),	 and	a	 significant	male	X	 female	 interaction	 (F(1,65.2)  =	4.51,	
p	=	.04);	 offspring	 of	 Z-	M	were	wider	 than	 those	 from	Z-	Z	 crosses	
(Bonferroni	 F(1,63.5)	=	7.14,	 p = .02;	 Figure	3b).	 Neither	 length	 nor	
width	of	offspring	 from	M	 females	differs	between	crosses	 (length,	
Bonferroni	F(1,65.6)	=	1.17,	p = .57;	width,	Bonferroni’s	F(1,66.4)	=	0.32,	
p = 1;	see	Appendix	S1:	Tables	S3	and	S4).
Neonates	produced	by	M	 females	were	heavier	 than	 those	pro-
duced	 by	 the	 smaller	 Z	 females	 (F(1,66.0)	=	5.15,	 p = .03;	 Table	1;	
Figure	3c).	 Weight	 significantly	 covaried	 with	 maternal	 length	










3.2 | Parent- of- origin igf2 expression
3.2.1 | Genotyping of families
We	only	 found	one	SNP	 (C/T)	sufficiently	 frequent	 to	be	used	as	a	
marker	of	parent-	of-	origin	expression	of	 igf2,	 yet	 in	 spite	of	exten-
sive	 crosses	 (n	=	22	 pairs),	 only	 three	 heterozygous	 offspring	 were	
obtained.	When	cloning	the	gene	from	two	of	these,	only	the	paternal	
allele	was	recovered.	Although	suggestive,	our	assessment	of	parent-	
of-	origin	 expression	of	 igf2	 is,	 consequently,	 inconclusive	 given	 the	
scarcity	of	heterozygous	fish	(see	Appendix	S1	for	details).
3.3 | Bisulfite sequencing
Thirty-	eight	 independent	 fragments	 of	 igf2	 from	 P21-	3	 were	 se-
quenced:	 20	 corresponded	 to	 the	 maternally	 and	 18	 to	 the	 pa-
ternally	 inherited	 igf2	 copy	 (Χ2	=	0.105,	 df	=	1,	 p	>	.05).	 Strikingly,	
5′-	methylcytosines	 in	 a	CpG	 context	were	 only	 prevalent	 (i.e.,	 pre-
sent	 in	>50%	of	 the	clones)	 in	sequences	 representing	a	maternally	
inherited	 igf2	copy	and	were	virtually	absent	from	copies	that	were	
paternally	 inherited	(Figure	4a).	Additional	cytosines	present	 in	non-	





obtained;	 the	 eight	 belonging	 to	 one	 allele	 were	 hypomethylated,	
and	 the	 nine	 sequences	 of	 the	 other	 allele	 were	 hypermethylated	
(Figure	4b).	As	with	P21-	3,	these	segregations	are	not	different	from	












M–M M–Z Z–M Z–Z
X SD N X SD N X SD N X SD N
Mother
SL	(mm) 34.05 5.51 15 34.79 3.68 11 30.32 3.83 17 29.05 4.18 29
W	(mm) 8.82 1.6 15 9.35 1.27 11 7.68 1.35 17 7.27 1.11 29
Mass	(g) 0.56 0.21 16 0.54 0.16 11 0.36 1.36 17 0.32 0.17 29
Brood	size 6.1 4.46 19 5.54 3.38 13 5.72 3.91 18 6.59 3.12 30
RA 0.14 0.08 16 0.15 0.07 11 0.17 0.08 17 0.14 0.06 29
Mean	offspring
SL	(mm) 11.2 1.28 16 11.73 0.78 11 11.36 1.13 17 10.3 1.11 28
W	(mm) 2.55 0.5 16 2.69 0.29 11 2.56 0.34 17 2.25 0.36 28
Mass	(g) 0.17 0.006 16 0.18 0.005 11 0.15 0.008 17 0.1 0.005 29
Reproductive	allocation	(RA)	is	the	ratio	of	total	brood	mass/brood	+	mother	mass	(SL,	standard	length;	W,	width).
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with	 a	male	 from	San	Matías,	 resulted	 in	 larger,	wider,	 and	heavier	








part	 from	additive	expectations	 for	 several	 reasons.	 In	positive	het-
erosis	(hybrid	vigor,	or	simply	“heterosis”;	Shull,	1908),	offspring	from	
both	 reciprocal	 crosses	would	be	expected	 to	be	 similarly	 larger	 (or	
healthier,	or	fitter)	than	offspring	form	the	parental	populations	(e.g.,	
Shikano,	 Nakadate,	 &	 Fujio,	 2000),	 whereas	 outbreeding	 depres-
sion	would	cause	smaller	or	less	fit	offspring	in	both	interpopulation	
crosses.	These	effects	are	expected	to	be	symmetrical,	due	to	either	
the	 amelioration	 of	 mutational	 load	 (Keller	 &	Waller,	 2002)	 or	 the	
breakdown	of	co-	adapted	genomes	 (Templeton	et	al.,	1986)	and	are	






















involved	 in	 the	 same	 processes,	 giving	 raise	 to	 coadapted	 clusters	
of	genes	that	may	differ	between	populations	 (Wolf,	2013).	Crosses	
between	populations	may	break	down	 such	 coadapted	 clusters	 and	





(Ortíz-	Barrientos,	 Counterman,	 &	Noor,	 2007),	which	might	 lead	 to	


















     |  7SALDIVAR LEMUS Et AL.
The igf2	gene	encodes	insulin-	like	growth	factor	2	(IGF2)	which	
plays	an	 important	 role	 in	embryonic	development.	 It	 is	 involved	 in	
nutrient	 exchange	 between	mother	 and	 embryo	 (Constância	 et	al.,	
2002;	 Reik	 et	al.,	 2003)	 and	 can,	 therefore,	 affect	 the	 amount	 of	
nutrients	transferred	to	the	developing	offspring.	An	analysis	of	non-
synonymous	mutations	in	the	mRNA	of	igf2	has	shown	this	gene	to	













Paternally inherited igf2 allele
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sion	 of	 igf2	 in	 the	 embryos	 follows	 a	 parent-	of-	origin	 pattern	 (i.e.,	











of	genetic	 imprinting	 in	 this	group	of	viviparous	vertebrates	should	
be	investigated.
Paternal	manipulation	 in	developing	offspring	may	be	countered	
by	 maternal	 adaptations	 to	 mitigate	 its	 effects.	 If	 this	 antagonistic	
coevolution	is	not	completely	matched	in	isolated	populations,	asym-













allotment;	and	experimental	manipulation	 is	 required	 to	 tease	 these	
possibilities	apart.
The	 sexually	 antagonistic	 IGF	 system	 is	 only	 known	 to	 occur	 in	
mammals,	 but	 its	 constitutive	 elements	 are	 found	 in	 fish,	 raising	
the	 possibility	 that	 it	 evolved	 independently	 in	 mammals	 and	 tele-





favor	 the	 evolution	 of	 a	 genetic	 antagonistic	 coevolution	 mediated	
by	 IGF2	 in	 the	Goodeidae	 include	 enforceable	 female	mate	 choice.	
This	may	be	linked	to	the	fact	that	goodeid	embryos’	dry	weight	can	
increase	 up	 to	 38,700%	 (Zoogoneticus quitzeoensis;	 Wourms	 et	al.,	
1988;	Hollenberg	&	Wourms,	1995),	whereas	placental	poeciliid	em-
bryos	 achieve	 at	most	11,700%	 (P. retropinna;	Wourms	1981).	 Such	
greater	mass	increase	takes	place	during	a	gestation	period	that	lasts	
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